Two experiments examining the ability of human observers to detect differences in the statistical properties underlying velocity distributions were conducted. A four-alternative forced-choice methodology, using four simultaneous velocity distributions, was used in both experiments. In the first experiment the value of one statistical moment (mean, variance, skewness, or kurtosis) was manipulated while the others were held constant. The subjects tusk was to determine which of four velocity distributions contained the dissimilar value. In the second experiment only the latter three moments were examined. A similar procedure was used, however feedback was given after each trial to maximize observer performance. The results from both experiments indicate that human observers can reliably detect differences in both mean and variance information underlying velocity distributions. The results of this research has important implications for image segmentation and the detection of heading from optic flow.
A considerable amount of research suggests that the integration of motion components is important for both the perception of observer motion (Dyre & Andersen, 1992 , 1993 and motion of objects in the environment (Norman, Todd, Lindsey & Norman, 1994; Andersen, 1989) . Research has shown that the process of integration occurs over a distribution of velocities (Watamaniuk & Duchon, 1992) and directions (Williams & Sekuler, 1984; Watamaniuk, Sekuler & Williams, 1989; Williams, Tweten & Sekuler, 1991) , and is affected by temporal constraints (Snowden & Braddick, 1989a) .
Many of these motion integration experiments used a random-dot kinematogram methodology similar to that of Williams and Sekuler (1984) . In their experiment a field of moving points was shown to the subject and the subject was required to indicate whether or not they perceived global flow. Movement vectors were assigned within a given range of possible directions. Subjects could detect a global motion pattern even if the directions of the component motions of the kinematogram spanned up to 180 deg, demonstrating spatial integration of motion siignals. Watamaniuk et al. (1989) demonstrated the process to be very precise. In their experiment, subjects were able to achieve 1-2 deg discriminations with direction distributions spanning up to 45 deg.
The spatio-temporal properties of motion integration have been well investigated (Lappin & Fuqua, 1982; van . tTo whom reprint requests should be addressed. Doom & Koenderink, 1983; Nakayama & Silverman, 1984; Snowden & Braddick, 1989a , b, 1990 . Many of the models of motion integration assume the visual system uses bilocal detectors similar to those proposed by Reichardt (1961) . Bilocal detectors use autocorrelation of spatially separate receptive fields to detect motion. Families of these detectors, sensitive to different velocities, would enable the visual system to detect a wide range of motion, van Doom and Koenderink (1983) demonstrated that in any motion sequence, a single velocity is detected by several bilocal detectors with varying spans (and time delays). Their results suggest that motion signals are integrated over time, and as time increases, across greater numbers of detectors. Nakayama and Silverman (1984) used the phrase "temporal recruitment" to describe the phenomenon by which motion detectors are integrated as a motion sequence increases. This concept has been further refined by Snowden and Braddick (1989a) who discriminate between "hetero recruitment" and "homo recruitment". Hetero recruitment involves the recruitment of detectors with greater spans and time delays. Homo recruitment refers to a system bias in which the motion detection threshold of an individual detector can be decreased by similarly tuned networks operating in a cooperative network.
Given that integration occurs, an important question is what information is available to the human visual system after integration takes place? There is considerable evidence suggesting that some information present in the visual scene may not be available to the observer after integration. Williams et al. (1989) found that 3131 3132 PAUL ATCHLEY and GEORGE J. ANDERSEN observers could not accurately distinguish between a random-dot kinematogram with a distribution of directions spanning 180deg, and a similar display that utilized only eight discrete component directions that spanned the same 180 deg. In another set of experiments using dynamic random-dot kinematograms, Watamaniuk and Duchon (1992) explored the integration of speed information. They tested the ability of human observers to discriminate between two sequentially presented displays with dissimilar velocity distributions. The distributions contained different mean velocities, different modal velocities, or combinations of the two conditions. The results suggest that only mean speed information is available, providing further support for the proposal that some visual stimulus information is degraded or unavailable after the integration process.
While the results of the studies discussed above suggest that integrated motion information may supersede and obscure component information, it is not clear that all such component information is unavailable. Global properties derived from component information may be useful to the observer. For instance, consider the information available from the statistical properties of a velocity distribution. The kth moment (Mk) about the mean of the distribution of the discrete variable X whose density (probability) is f is given by:
where xi is a single observation from the distribution and /~ is the average of the distribution. The first statistical moment (mean) provides overall speed information. However, other statistical properties may be useful as well. The ability to extract variance information could be used to segregate surfaces with different degrees of smoothness. Consider the perspective projection of a three-dimensional corrugated surface undergoing a horizontal translation. The variance of velocities of the moving surface will increase as the amplitude in depth is increased. Thus human observers could use the variance of velocities to discriminate among surfaces with different amplitudes. Additionally, recent research by Andersen (1992, 1994) suggests that variance information may provide a useful source of information for determining the direction of observer motion or heading. Using displays in which the average of the velocity vectors specified an incorrect heading direction, they found that the local variance of the velocity field specified a local minima that corresponded with subjects judgements of heading direction. Higher order (third and fourth statistical moment) statistical properties of velocity distributions also provide information that may be used by an observer. For example, the skewness of a distribution provides information regarding regularity of a surface. Consider the prospective projection of two horizontally translating surfaces: one surface is regular (a corrugated sine wave) and the other surface is irregular [a complex (sum of sines) corrugation]. While the two surfaces may have the same mean and variance of velocities, the skewness of the velocities may not be equivalent. A simple sinewave surface will always have zero skewness because of the symmetry of the surface. In contrast, the complex sine-wave surface will have a positive non-zero value because of the asymmetry of the surface. Thus human observers could use skewness to discriminate between symmetric and asymmetric surfaces.
Finally, the kurtosis of a velocity distribution provides information regarding the maxima and minima of surfaces. For example, the perspective projection of two horizontally translating surfaces--one surface which varies in depth according to a sine function, the other surfaces which varies in depth according to a triangular function. If both surfaces have identical frequency and amplitude, then the two surfaces would have identical velocity distribution values of mean, variance, and skewness. However, the triangular surface would have a greater kurtosis value than the sine-wave surface because of the sharp discontinuities of the maxima and minima of the surface. Thus, the kurtosis of the velocity distributions could be used to discriminate surfaces that vary in the steepness of the gradient at the maxima and minima.
The purpose of the present experiments was to determine whether observers could reliably detect differences in the underlying statistical characteristics of velocity distributions. Previous research examining statistical properties only examined first moment information (Watamaniuk & Duchon, 1992) , or manipulated second moment characteristics to study the effect on integration accuracy (Watamaniuk & Sekuler, 1984) . We investigated this issue by presenting subjects with a set of four velocity distributions, one of which differed from the other distributions according to one of the first four (mean, variance, skewness, and kurtosis) statistical moments and thus was the target field. Each distribution contained eight component velocities. Andersen (1989) has shown that subjects can reliably detect no more than three distinct overlapping fields of constant velocity. These results suggest that observers cannot correctly identify the number of distinct velocities for distributions containing eight component velocities. In the present experiments we systematically varied the difference between the distributions in the display, and thus determined the detectability of the first four moments of a velocity distribution.
EXPERIMENT 1
Method Subjects
The first author and two graduate students served as subjects. With the exception of the first author, all subjects were naive as to the purpose of the experiment. All subjects had normal or corrected-to-normal vision. Both naive subjects were paid for their participation. The stimuli were generated by a Dell 433TE computer (33 MHz 486) and were presented on a Sigma Designs L-View monochrome monitor (1664 × 1200 pixel resolution) at a frame rate of 18 Hz. Each pixel subtended 0.016 × 0.016 deg visual angle.
Stimuli
Each display consisted of four adjacent velocity fields presented simultaneously in a 2 x 2 grid on the display screen (see Fig. 1 ) with a separation of 0.8 deg between any two adjacent fields. Each velocity field contained 112 points (1 pixel in size, 14 points per velocity) and subtended 4.8 × 4.8 deg. A fixation point was located in the center of the 2 × 2 grid.
Each velocity field consisted of eight "component" velocities used to define a distribution of velocities. The component velocities were selected such that any specific component velocity was discriminable from all other component velocities. Within each display, three of the velocity fields contained an identical distribution of velocities (the results of pilot experiments indicated that discrimination performance was 90% or greater). The fourth field contained a distribution that differed from the other distribution according to either the mean, variance, skewness, or kurtosis of that distribution. For example, if the display consisted of a difference in the mean of the distributions, then three of the velocity fields contained distributions with an identical mean, whereas the fourth field contained a different mean velocity. While the mean can be varied independently of the other three moments such is not the case for the higher moments. For example, variations in the variance of the distribution is not independent of the kurtosis of the distribution. In order to address this issue, the distributions were selected such that the value of the other moments of that distribution were minimized or at zero. Differences in the mean of the distributions were generated by adding a constant value to all velocities in one distribution. This insured that the value of the higher moments (variance, skewness, and kurtosis) of the distributions were constant. Manipulation of the variance, skewness, and kurtosis was accomplished using Monte Carlo simulations. The simulations consisted of a brute force search through 2.5 x 106 randomly generated potential conditions. The search extracted pairs of distributions in which three of four statistical moments were equivalent, while the value of a fourth moment differed. An important constraint of the search was that the range of velocities was held constant. Of the conditions generated by the random search, the experimenters chose the five pairs of distributions that had the most similar values for the non-critical moments.
Five difference values were examined for distribution differences in the mean, variance, skewness, and kurtosis. The Appendix lists the values of the moments for each distribution. In the means block, mean differences of 0.29, 0.58, 1.15, 2.30, and 4.61 deg/sec were used. Five difference values of variance were investigated: 0.95, 1.87, 3.54, 6.91, and 13.82deg/sec. Five Trial duration was 8 sec. Points translated from right to left for 4 sec, and from left to right for 4 sec. This procedure was used to avoid motion aftereffects that can occur when only one direction is used. Points that translated beyond the "window" of a velocity field were repositioned on the opposite side of the window at the same vertical position. The location of the target distribution was randomly varied from trial to trial.
Procedure
Subjects viewed the displays monocularly, in a darkened room, at a distance of 1.5 m. Subjects were informed that they would be observing displays containing four separate velocity fields. The subjects were asked to identify which of the fields was different from the others. They were told one field would always differ and to identify it using "the global appearance of motion of the display". Subjects were asked to fixate the center of the display at all times. At the end of each presentation, the subjects were asked to indicate which field differed from the other three fields by pressing a number on the computer keyboard corresponding to the field which they perceived as different. The number on the keypad corresponded to the location of the fields in the display ("7" for upper left, "9" for upper right, "1" for lower left, and "3" for lower right). If they were uncertain as to which field was different they were instructed to make the best guess possible. No feedback was provided at any time during the experiment. The experiment consisted of four blocks, with each block examining a different statistical moment. Within each block, five difference values were investigated. For each of the five difference values, subject; viewed six sets of eight trials. Each set of trials contained all eight combinations of locations (two distributions over four viewing areas). This yielded 48 data points per distribution pairing per subject. A set of trials took 15 min to complete. Subjects complete an average of five sets per day over a period of 2 weeks. All sets were displayed in random order. Prior to testing, all subjects received 1 hr of practice trials using the 4.61 deg/sec means condition (considered to be the easiest condition in the experiment). Subject performance of 90% or better was used to ensure subjects understood the experimental procedure. All subjects reported the distributions to appear as a global pattern of motion in which points were moving at different speeds.
Results
The dependent measure was the proportion correct in identifiying the location of the unique velocity field, with chance performance of 0.25. For each condition, the data was averaged across the three subjects. Each data point represents a total of 144 trials. The results for the first block (means) are shown in Fig. 3(a) .
Performance shows a linear increase as the mean velocity difference between the displays increases reaching a value of 0.91 at a difference of 4.61 deg/sec.
The results for the second block (variance) are shown in Fig. 3(b) . The results show a similar linear pattern (with a decreased slope) as the results for the first block. Performance in the lowest three variance conditions are below or near chance. The proportion correct increases with variance values of 6.91 and 13.82 deg/sec.
The results of manipulating skewness and kurtosis are shown in Fig. 3(c, d) . According to these results, subjects were unable to detect differences in either skewness or kurtosis. While the performance for the 11.28 deg/sec skewness condition was slightly above chance (0.33), an increase in the value of skewness did not result in improved performance.
The results of the present experiment suggest that human observers can discriminate between velocity distributions that differ according to the first (mean) or second (variance) statistical moment. It is important to note that, during debriefing, all subjects reported that their responses were based on the overall perceived velocity of the display rather than the velocities of individual points in a display.
The results for detecting differences in the mean velocity are not surprising. Research by Watamaniuk and Duchon (1992) has demonstrated that human subjects can average speed information and make discriminations between velocity distributions based on the averaged values of those distributions. However, what has not been previously demonstrated is that subjects can also detect differences in higher-order statistical properties of velocity distributions. Specifically, the variance of velocity distributions can be detected. While the results of the present study suggests that human observers are not as sensitive to variance differences as compared to differences in mean velocity, the present results indicate that the visual system can extract variance information.
In the present experiment the statistical moments of a velocity distribution were varied by generating velocity distributions with different component velocities. Although previous research (Andersen, 1989) suggests that subjects cannot correctly extract all of the component velocities for the displays used in this experiment, observers might extract a subset of velocities and use this information for detecting the target distribution. This limitation was addressed by creating distributions with identical velocities but with the overall probability of each velocity manipulated. For displays generated in this manner individual velocities cannot be used to discriminate distributions which differ according to their statistical properties. Previous research (Chubb & Landy, 1991) has used this method for examining the segregation of texture patterns according to distribution values of their greyscale components.
The purpose of the second experiment was to examine the detectability of statistical properties of velocity distributions using displays with identical component velocities. On each trial subjects were presented with a display consisting of four velocity fields similar to the displays used in Expt 1. Each of the four fields contained identical velocities. The statistical properties of one of the fields was varied by altering the proportion of total points that translated at a specific velocity present in that field. Thus, the number of points per velocity varied as a function of the characteristics of the overall distribution of velocities. In order to optimize performance feedback was used after every trial. In this experiment we examined sensitivity to the second, third and fourth statistical moments by varying the variance, skewness, or kurtosis of one of the four velocity fields.
EXPERIMENT 2

Method Subjects
The authors served as the subjects for this experiment. Only the first author had previous experience with the displays. Both subjects had normal or corrected-tonormal vision.
Apparatus
An Evans and Sutherland ESV30 graphics workstation (display resolution of 1280 x 1024 pixels) was used for this experiment. All displays were pre-generated and stored prior to presentation. The frame rate of the displays was 30 Hz. Subjects viewed the displays monoeularly at a distance of 1.5 m. Each pixel subtended 0.008 x 0.008 deg visual angle.
Stimuli
In Expt 2 velocity distributions were created using 27 component velocities. Each display consisted of four distributions with each distribution containing all 27 component velocities. The number of points translating at any specific velocity varied according to the desired values of the velocity distribution. Figure 4 depicts the type of display and stimuli characteristics used in this experiment.
One requirement of the stimuli was that for each velocity field for each display at least one point was present for all 27 component velocities. This resulted in a density variation across displays that varied between 135 and 150 points. The density within any single display (i.e. the density of the four velocity fields) was always held constant. Thus, subject's detection of the unique velocity distribution could not be based on density variations of the four fields.
Given the large number of parameters for generating a set of displays, displays were created by running a search through 2.5 x 106 randomly generated conditions Figure 5 (a-c) depicts histograms of the most extreme comparison for each statistical moment.
The displays were similar to those in Expt 1 with the following exceptions. Each field subtended 3.9 x 3.9 deg and was framed by a white border of the same luminance as the moving points. Additionally, a fixation cross subtending 0.4 × 0.4 deg was present between the four fields. Trial length was 13 sec and the display underwent two right-to-left/left-to-right horizontal translations.
Procedure
Prior to data collection, subjects were given a single set of 32 trials in which the means of one of the four velocity distributions differed by 5.00 deg/sec. Subjects 0.00 subject misidentified the field with the dissimilar velocity distribution, a 2 sec tone was presented to indicate an incorrect response. In addition, the border of the correct field was increased in luminance for 1 sec after the subject's response to provide feedback for the correct response. Figure 6 depicts the time line for this procedure. Trials were blocked by statistical moment with the order of the statistical property being manipulated randomly presented within each block. There were two sets of trials per difference value, with 32 trials per set, yielding 64 trials per data point per subject, for a total of 128 observations per data point.
Results
The dependent measure in this experiment was proportion correct in identifying the location of the dissimilar velocity field with chance performance of 0.25. For each condition, the data was averaged across the two subjects.
The results for the first block (variance) are shown in Fig. 7(a) . Performance in the lowest two variance conditions are below or near chance. The proportion correct increased with an increase in variance values of 1.98, 3.96, and 7.92 deg/sec.
The results of manipulating skewness and kurtosis are shown in Fig. 7(b, c) . According to these results, subjects were unable to detect differences in either skewness or kurtosis.
DISCUSSION
When combined with the results of the first experiment, the results of Expt 2 provide further support for the hypothesis that subjects can detect differences in the statistical properties of underlying velocity distributions. Specifically, subjects can detect differences in distributions with dissimilar variances, as well as dissimilar mean velocities. Subjects were not able to detect differences in either the skewness or kurtosis of the distributions. Though it is possible that detection of higher moments required values outside of the sampled range, the lack of improved performance using feedback--especially considering the large range of values examined in the two experiments--suggests that the visual system is not sensitive to higher statistical moments of velocity distributions.
Taken together, the results of the two experiments provide evidence that the human visual system can detect second-order statistical properties of a velocity distribution. Sensitivity to this information could be useful for segregating motion elements as described previously. Additionally, as previously mentioned, there is evidence that extraction of variance information may be important for determination of observer motion or heading (Dyre & Andersen, 1992 , 1993 .
An important question is how the human visual system extracts this information. One method of extracting variance information would involve a two-stage analysis of motion. In the first stage, the output of a group of bilocal detectors, each tuned to a specific range of velocities, would be combined. These detectors could be grouped by retinal location. The summated output from this group may contain motion distribution characteristics for that portion of the visual field. These characteristics become important at a second stage of processing, in which velocity information from specific regions is combined and global motion characteristics are determined. In addition, individual regions could be compared to other local patterns or to the global pattern as a method of segregating regions in the image. It is from this process that variance information could be derived and detected by an observer. In our experiments, the three similar velocity distributions would yield similar comparison values, allowing the observer to detect the dissimilar region in the image.
The finding that subjects cannot detect skewness or kurtosis is not surprising given the nature of the computational processe,; in this scheme. In this scheme extraction of moments i~; accomplished by a comparison of the outputs of one level of detector pooling to the results of some global pooling. Extraction of higher order moments would be accomplished recursively comparing outputs of a local region to some global value, much like the mathematical calculation of statistical moments is accomplished by an increasing exponential function operating on tJhe comparison of an individual value to the population value. Our findings can be accounted for by proposing that (a) either human observers do not have mechanisms for extracting higher order moments or (b) the amount of error introduced at each computational step of such a mechanism makes a useful solution impossible for higher order moments with the values used in our experiments.
In summary, the results of the present research demonstrate that human observers can detect the first and second moment statistical properties of velocity distributions. Similar results were obtained using two different methods of generating unique statistical properties of velocity distributions. In addition, we have postulated a simple scheme of how this information may be derived. It is important to note that, while the visual system appears to be more sensitive to average speed information, the present results, along with the results of research on determining heading direction, suggest that variance of velocity distributions is a detectable property. 
APPENDIX
Experiments I and 2 Distribution Values
